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INTRODUCTION
The electrical energy distribution activity is facing new challenges in what concerns the technical and commercial management of the system due to the increasing number of Distributed Generation (DG) and micro-generation (µG) units that have been integrated in the networks. When the first µG technologies appeared in the markets, their high cost was a noteworthy obstacle that delayed its massive adoption by consumers. However, mostly due to environmental consciousness and to security of supply issues, governments have been adopting subsidisation programs in order to increase consumers interest in these types of generation technologies. In respect to the particular case of Portugal, the decree-law No. 363/2007 established attractive energy production tariffs for owners of µG, creating the necessary basis to boost the µG growth in the Low Voltage (LV) distribution networks [1] .
Besides the economic and environmental benefits, the µG integration in the LV distribution networks may bring several other advantages for the grid operation, such as losses reduction, voltage profiles improvement and branches' congestion levels reduction [2] - [5] . Additionally, and in a scenarios characterized by a large scale deployment of µG units in LV networks, it is expected that some resulting impacts will be also transposed to the upstream MV network [6] - [7] . Bearing in mind these potential benefits, it is important to develop adequate and efficient methodologies to quantify them, either locally or at regional/national level. In this sense, this paper presents a methodology that enables the quantification of the µG impacts in the entire Portuguese Medium Voltage (MV) and LV distribution networks. Given the impossibility of performing power flow studies for the entire distribution network, either due to the dimensionality problem and to the difficulty of getting a detailed characterization of the entire distribution system (especially for LV networks), a set of MV and LV networks considered representative of the general characteristics of the Portuguese distribution system was used. The µG impacts were determined for the time interval ranging from 2008 to 2030, considering expected scenarios for load growth and µG penetration at a national level.
METHODOLOGY
The methodology used for the simulations and analyses was based on the following set of general assumptions:
--Separate analysis of LV and MV networks, due to the complexity of the problem; --Consideration of seasonality effects with definition of winter and summer periods; --Load and generation diagrams with a discrete time step of 1 hour, aiming at the development of power flow studies for each of the load and generation curves at the same discrete intervals.
Algorithm
According to the general assumptions described before and using the data characterized in section 3, an algorithm to perform steady state analysis was developed in order to assess the µG impact in LV and MV distributions networks. A flowchart with the implemented algorithm is shown in Figure 1 . The necessary simulations in the presented algorithm were performed using Siemens PTI PSS™E software combined with Python programming language.
As it can be seen in Figure 1 , the impact of µG on voltage profiles and branches' congestion levels was only evaluated for the peak hours of winter and summer period, since these are the worst operating conditions (stressing operating hours in distribution networks). Nevertheless, large scale integration of µG may have also adverse impacts in terms of significant increments in the voltage profile during low load periods (for example, in residential areas with large scale deployment of photovoltaic panels). Such impacts were addressed in these studies, since they refer to specific operational issues, which are not within the scope of the evaluation aimed to be performed in this work.
Energy Losses Calculation
The implemented methodology allowed getting from PSS™E results the value of active power losses for each hour in each typical season that was considered. Therefore, additional steps were necessary in order to compute the energy power losses to the entire distribution network.
First, the computation of daily energy losses was achieved by adding the obtained active power losses in each hour of a typical day. With the previous value, it was possible to calculate the annual energy losses in each typical LV and MV networks, by adding the energy losses in the summer and winter period (it was assumed that each one of these periods has 365/2 days). Finally, knowing the number of the LV and MV networks of each type (third column of Tables I and II, respectively) it was possible to calculate the energy losses for the entire Portuguese distribution network according to the steps present in Figure 2 . Figure 2 -Flowchart of the steps followed to achieve the total of Energy losses in the entire Portuguese distribution network.
LV
It is important to note that at the LV networks level, the value of energy losses includes the transformer power losses (both copper and iron losses). Additionally, MV/LV substations adopted in Portugal are characterized by a very high degree of standardization, which makes possible a quick characterization of the associated power transformer. When it comes to MV networks it was not possible to quantify HV/MV transformers losses due to the fact that, there is still no reliable characterization of the different power transformers installed in the Portuguese distribution substations.
CHARACTERIZATION OF THE DATA USED

LV and MV Typical Networks
As previously referred, the studies presented in this work were performed on a set of LV and MV Portuguese distribution networks based on real data. For LV simulations, five typical LV networks were used, being representative of the whole Portuguese LV distribution network. Considering the most relevant characteristics that better represent the different MV distribution networks existing in Portugal, six typical MV networks were chosen. These networks represent approximately half of the total consumption registered in the whole Portuguese MV distribution network. Table II shows a summary of the main characteristics of each MV network studied. 
Load Growth Rate
The load growth rate was defined considering the evolution of the Portuguese electricity consumption in recent years and the expected growth for the following years [8] .
In all of the performed simulations it was considered a load growth rate of 2% per year for a time horizon from 2008 to 2030. The annual consumption in the entire Portuguese distribution network was approximately 43 TWh in the year 2008. Due to the considered load growth rate, this value will reach approximately 66 TWh in 2030. At a first sight, given the economic and financial crisis that has spread to the industrial, commercial and residential sectors and the growing social awareness about environmental problems related to energy use, the assumed value of 2% for the load growth rate may be considered as excessive. However, it is expected that economic recovery will lead to a natural growth of electricity consumption. Furthermore, there are some studies [9] - [10] showing that the expected arrival of electric vehicles in the coming years will also increase the consumption of electricity. Although the impact of electric vehicles in electricity consumption is hard to determine accurately, the referred studies demonstrate that there will be an increase in the consumption during all day, especially in valley hours.
LV and MV Load Diagrams
The load diagrams used in this study, both for LV and MV networks, are based on the assumption that there are only two different periods in a year which have a considerable difference in energy consumption -winter and summer. LV load diagrams for the winter period were determined based on average values of aggregated consumption profiles at the substation level referring to the period from October to March. Summer load diagrams were determined based on values for the remaining months of the year. At MV level, it is possible to distinguish three classes of consumers: residential, commercial (both at the aggregate level of the MV/LV distribution substation) and industrial (consumers fed directly at MV level). In LV networks only residential and commercial consumers were considered, since the number of industrial consumers does not have significant relevance for the studies developed. Figure 3 and 4 show typical Portuguese load diagrams, respectively, for winter and summer periods, which are fully described in [11] . The diagrams above were later adapted to the reality of this study, taking into account the individual characteristics of each network. The criteria chosen to obtain the final diagrams, both LV and MV networks, were the proportion of energy consumed by industrial and residential/commercial consumers and the annual energy consumption of each typical network (last column in Table I  and Table II) . Moreover, due to the lack of real data on the characterization of residential and commercial consumers, it becomes impractical to use specific load profiles for each type of consumers. In order to solve this problem, the residential and commercial load profiles were combined taking into account the respective proportions related with these types of consumers in each of LV and MV networks. The distinct characteristics of each network led to a variety of load profiles with different peak hours, in the case of MV networks, as it can be seen in Table III . For LV networks, peaks hours coincide on all networks: 21h in winter period and 22h in summer period. 
µG and DG Integration Scenarios
The Decree-Law No. 363/2007 of November 2 [12] , which establishes the legal regime applicable to electricity production through µG units, established in one of its paragraphs that the maximum power capacity in the subsidized regime that could be connected to the grid in the year of 2008 was 10 MW. This value would be increased successively at a rate of 20% per year. In this sense, 5 scenarios of µG were defined where, in three of them, integration rates largely above of the provisions presented at Decree-Law No. 363/2007 were considered. It is important to notice that it was assumed the existence of a nationally installed capacity of 10 MW in the initial year (2008). A brief description of the defined scenarios is given below: --Scenario 0 (base scenario) -µG installed capacity at national level is held constant at 10 MW until 2030.
--Scenario 1 -µG installed capacity at national level grows at a rate of 20% until 2015 and at a rate of 3% from 2016 to 2030, reaching in the final year 250 MW of installed capacity.
--Scenario 2 -µG installed capacity at national level grows at a rate of 34% until 2015 and at a rate of 4% from 2016 to 2030, reaching in the final year an installed capacity of 500 MW.
--Scenario 3 -µG installed capacity at national level grows at a rate of 49% until 2015 and at a rate of 5% from 2016 to 2030, reaching in the final year an installed capacity of 1000 MW.
--Scenario 4 -µG installed capacity at national level grows at a rate of 65% until 2015 and at a rate of 6% from 2016 to 2030, reaching in the final year an installed capacity of 2000 MW. These scenarios are depicted in the curves presented in Figure 5 . The µG was distributed proportionally among LV residential customers, since this type of consumers will be the owners of the available µG. Thus, loads with higher rated power received a higher percentage of µG, as they can install µG units with more power capacity. On the other side, as MV networks do not feed residential and commercial consumers directly, the µG appears associated with LV consumers. In this way, for MV networks the µG was distributed between the MV/LV substations. A Portuguese study made by representatives of several research institutions [13] , points out that for small and medium buildings, photovoltaic systems are those with greatest potential for long-term expansion. Currently, according to Portuguese official statistics [14] , photovoltaic technology represents 96% of the total of µG installed capacity in Portugal. Due to these facts, it was considered that 80% of all existing µG in this study will be photovoltaic. The remaining 20% were allocated to microwind-turbines technologies.
To assess the µG's impact it was considered that all µG units would be operated with zero power factor. For a complete characterization of MV networks it is also necessary to consider the existing DG in all typical MV networks. The evolution of installed DG power capacity in Portuguese territory was done according to the Portuguese National Climate Change Program (PNAC) [15] , which specifies a set of internal policies and measures aiming to reduce GHG emissions by activity sectors and also presents scenarios for DG evolution. As the primary objective of this paper is to assess the impacts resulting from large-scale integration of µG units and due to the impossibility to distinguish µG and DG effects, the installed capacity of DG in the year 2008 was considered and kept constant in all MV networks during the studied time period. In this way, it becomes possible to study only the impacts of µG in the operation and management of distribution networks. After identifying the existing DG at the national level, it was necessary proceed to its distribution by each typical MV network. The location of DG units has significant influence in energy losses by Joule effect. As a consequence, it was considered relevant to separate all the DG units into two distinct groups: one that includes the units located nearby substations HV / MV and another one considering units that are effectively dispersed along the distribution network. The distribution of the total number of DG installations and their installed capacity distribution, both for units located nearby substations and dispersed along the networks, were based in real data presented in the following table. DG units were operated with a capacitive power factor of 0.4 in the summer from 9:00 am to 11:00 pm and in winter from 8:00 am to 10 pm. In rest of the time, DG units were operated with zero power factor (valley hours) [16] .
µG and DG Generation Diagrams
The generation diagrams for typical days of the various DG and µG technologies were adapted from historical data on seasonal production profiles (one for winter and one for summer). These profiles were adjusted so that, the annual energy production that reflects the values for the reference year [20] , presented in Table V . Concerning DG units, typical generation diagrams related to biogas / biomass / wastes, CHP and wind power were applied. For µG, photovoltaic and wind generation specific generation diagrams were used.
RESULTS ANALYSIS
Following the methodology previously described, the obtained results regarding voltage profiles, branches' congestion levels, energy losses, load diagrams and CO 2 emissions are presented along the following subsections. Several results on the different typical LV and MV networks have the same trend over the years. In this sense, for a matter of simplicity, only the most representative results will be shown.
Voltage Profiles
Looking at Figure 6 that depicts the voltage profile in LVTN3 for a winter typical day, it is possible to see that the voltage decreases over the years due to the increases in annual energy consumption. The µG impact on voltage profiles isn't significant for both, LV and MV networks. Nevertheless, there is a small benefit that can be seen by the overall increase in voltage profiles over the years, especially regarding the most optimistic scenarios of µG integration. In all the studied LV networks winter voltage profiles are slightly lower than summer profiles. This is because the peak load in winter diagrams assumes higher values than in the summer ones. Table VI presents a summary of the most relevant results obtained for all LV and MV networks regarding voltage profiles.
As we can see, in some of LV and MV networks, optimistic scenarios of µG integration allow investments deferrals related to network reinforcement, usually for a period of one year (2 years in case of MVTN6).
Branches' Congestion Levels
The LV and MV networks do not have in short term, major problems regarding its branches' congestion levels. With reference to LV networks, in the year 2008, the branches with higher load are below 67% and belong to LVNT1. In MV networks, MVTN3 has the most congested branches with a value slightly lower than 80% in the same year. Figure 7 presents the congestion levels evolution, in the most loaded branch, for one of the typical MV network analysed, at the peak hour of a typical winter day (worst period). Similarly to what happened with voltage profiles, the µG impact in branches congestions is rather small. The graphics reveal some benefits that can be observed by a global reduction in the branches' load levels in both LV and MV networks. Evidently, this effect is stronger in branches located nearby µG units. As Table VII shows, in the most of networks the impact of µG does not allow investment deferrals. Nevertheless, in two of the LV networks (LVTN1 and LVTN4) and in one of MV (MVTN3) networks it is possible to get one year in investment deferrals with the most optimistic scenarios. With the exception of MVTN3, in all LV and MV networks, the branches' loads levels for the winter period are slightly higher than in the summer due to the peak of winter load diagrams being higher than in the summer. The justification for worst period at MVTN3 being in the summer it is because the particular characteristics of the consumers on this grid leads to a higher peak load in summer diagrams than in winter ones. 
Energy Losses
The results presented in this section show one of the main benefits of µG: the reduction of active power losses. This benefit is observed for both LV and MV networks, but as expected, with more emphasis on the LV networks where µG units are located. Loss reduction can be easily explained by the decrease on the current flowing in some branches, due to the presence of µG units near the consumption nodes (that reduces the equivalent load). The decrease in power flow levels over the network causes a significant decrease in active power losses. Figure 8 , where we can see that the value of energy losses is 1782.00 GWh in the year 2008. This value represents approximately 4.14% of the total consumption in the entire Portuguese distribution network. Figure 9 depicts the gain in energy losses related to base scenario for entire LV and MV Portuguese network. As it can be seen, in 2030, with the scenario 4 of µG integration, the gain in energy losses is 5.34%, which represent an approximately reduction of 225 GWh in energy losses when compared to the base scenario. [17] . This was the value used in the calculation of the CO 2 emissions presented in Figure 10 , during the timeframe covered in this work.
Load Diagrams at Substation Level
The daily load curves presented bellow provide information about the consumed electric power at each moment for year 2008 and for the year 2030 (for all µG studied scenarios). It is important to note that results were obtained through power flows performed with hourly average values of the consumed and produced power in each network. Looking at the Figures 12 and 13 , it is possible to see that there are small reductions in peak power levels at substations, most obviously in the LV networks and during the hours with greater sunlight exposure, which is justified by the considered rate of 80% related to photovoltaic µG units. In some MV networks, due to the presence of industrial consumers, the peaks hours occurs in the afternoon, coinciding with hours of high sun exposure. Thus, the benefits that µG has in the power reduction in some of MV networks is higher at peak hours. A direct comparison of the initial diagram (2008) and the final (2030) shows that there is a significant increase in active power required in all studied networks, due to the increase in load consumption expected for 2030.
CONCLUSIONS
The results presented above proved that µG brings important technical benefits to distribution grids, which increase with the growth of µG. The major benefits are related to energy losses, with a particular relevance in LV networks where with respect to the entire Portuguese LV network, the most optimistic scenario allows in 2030, a reduction of 8% in energy losses when compared with the base scenario. As a consequence of µG integration in LV grids, there is an energy consumption reduction at this voltage level that directly affects energy flows in the upstream MV networks. As a result of such behavior, it is also possible to observe significant loss reductions at MV distribution networks. Energy losses are direct linked with avoided CO 2 emissions, even considering the fact that conventional generation displacement resulting from µG integration is not accounted in this study. Nevertheless, this study shows that if optimistic scenarios of µG integration were verified, then µG can give an important contribute to the reduction of CO 2 emissions. This study highlights also that important benefits can be also achieved regarding voltage profiles and branches' congestion levels. Voltage profiles values grow linearly with the increase of µG. On the other hand, branches' congestion levels are reduced with the increase of µG. In both cases, deferrals investments in LV and MV, normally of one year, can be achieved.
Regarding that nowadays the photovoltaic units are the most likely µG units to be installed in Portugal, it is also possible to observe from the presented results that such units lead to significant reductions in load levels in the substations in the afternoon period, especially in the MV/LV substations. However, the ideal scenario is associated with a high degree of coincidence between µG production and high load periods. Given the variability associated to renewable µG, and in order to take advantage of the whole potential of µG units, Demand Side Management (DSM) policies could be implemented as an efficient and practical solution, with advantages for both, utilities and consumers.
